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Available online 15 September 2016Membrane proteins employ speciﬁc distribution patterns of amino acids in their tertiary structure for adaptation
to their unique bilayer environment. The solvent-bilayer interface, in particular, displays the characteristic ‘aro-
matic belt’ that deﬁnes the transmembrane region of the protein, and satisﬁes the amphipathic interfacial envi-
ronment. Tryptophan—the key residue of this aromatic belt—is known to inﬂuence the folding efﬁciency and
stability of a large number of well-studied α-helical and β-barrel membrane proteins. Here, we have used func-
tional and biophysical techniques coupled with simulations, to decipher the contribution of strategically placed
four intrinsic tryptophans of the human outermitochondrial membrane protein, voltage-dependent anion chan-
nel isoform-2 (VDAC-2).We show that tryptophans help inmaintaining the structural and functional integrity of
folded hVDAC-2 barrel inmicellar environments. The voltage gating characteristics of hVDAC-2 are affected upon
mutation of tryptophans at positions 75, 86 and 221. We observe that Trp-160 and Trp-221 play a crucial role in
the folding pathway of the barrel, and once folded, Trp-221 helps stabilize the folded protein in concertwith Trp-
75 and Trp-160. We further demonstrate that substituting Trp-86 with phenylalanine leads to the formation of
stable barrel. We ﬁnd that the region comprising strand β4 (Trp-86) and β10-14 (Trp-160 and Trp-221) display
slower and faster folding kinetics, respectively, providing insight into a possible directional folding of hVDAC-2
from the C-terminus to N-terminus. Our results show that residue selection in a protein during evolution is a
balancing compromise between optimum stability, function, and regulating protein turnover inside the cell.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).Keywords:
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Integral membrane proteins require appropriate positioning of
amino acids that help in anchoring the folded scaffold to the amphipath-
ic interface of the bilayer membrane. They require hydrophilic residues
in the loops and solvent-exposed extramembrane segments to interact
with the aqueous environment and lipid head groups, whilenfolding/folding derived from
ibbs free energy of unfolding/
vron plots); ΔHapp, apparent
yptophan lifetime; CD, circular
odecyl β-D-maltoside; DiPhPC,
drochloride; hVDAC-2, human
olmer quenching constant; m,
ge ofmolar ellipticity values be-
e; Rg, radius of gyration; RMSD,
tuation; SAS, solvent accessible
tart temperature of thermal de-
atory, Department of Biological
ch, Academic Building 3, Room
. This is an open access article underhydrophobic residues accommodate themselves towards the tail region
of lipids. Tryptophan, tyrosine and lysine are usually found in the region
at the interface of the lipid molecules and aqueous environment. These
residues help in docking the transmembrane segment of the protein
within the membrane due to their ability of ‘snorkeling’ at the interface
[1,2]. Tryptophans and tyrosines often form an ‘aromatic belt’ in mem-
brane proteins that stabilize the native structure of the protein, and con-
tribute immensely to the overall protein stability [2–4]. Considering the
high cost of tryptophan synthesis in the cell, particularly in lower organ-
isms [5], the indole moiety is incorporated judiciously in proteins.
Hence, the enrichment of tryptophans in membrane proteins [6] illus-
trates the importance of this aromatic residue for the overall protein
scaffold formation and its stability within membranes.
Tryptophan is not only themost polarizable residue, but also has the
capability to forma repertoire of interactions includinghydrogen bonds,
π-stacking, hydrophobic interactions, N\\H...π, and C\\H...π [7]. The di-
verse interaction network involving tryptophan allows this residue to
serve as a strong anchoring point for membrane proteins. Recent exper-
imental evidence points to a contextual contribution of the indole ring
to the overall membrane protein stability [8]. In less polar environ-
ments, the contribution of tryptophan is highest at the lipid hydropho-
bic core, while in environments that resemble cellular conditions, thethe CC BY license (http://creativecommons.org/licenses/by/4.0/).
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face [8]. An overall stabilizing effect of tryptophans is, however, antici-
pated, depending upon its positioning according to membrane depth
[9]. Furthermore, previous studies on poly-leucine helix forming pep-
tides have suggested thatwhile phenylalanine is energetically stabilized
towards the hydrophobic lipid core [10], tryptophan pulls the peptide to
the lipid-water interface [1].
Extensive analysis using the transmembrane β-barrel model protein
OmpA has revealed that the ‘driving force for folding and stability’ is con-
ferred by the interface aromatics [11]. Such stabilizing effects are mag-
niﬁed by the formation of aromatic clusters. This is facilitated by a
preferential localization of the phenylalanine side chain towards the
lipid core, with positioning of tryptophan and tyrosine towards the in-
terface [8]. Free energy values derived for the aromatic residues using
other transmembrane barrels such as OmpX and Ail establish an impor-
tant role for interface tryptophans to the folding of β-barrels as well as
the post-folding structural stabilization [12,13]. Indeed, in the case of
the bacterial outer membrane β-barrel PagP, a solvent-exposed trypto-
phan located in theN-terminal helix was found to be critical for anchor-
ing the folded barrel to the membrane [14,15].
The thermodynamic and folding studies of bacterial outer mem-
brane proteins have helped us understand how interfacial tryptophans
stabilize transmembrane β-barrel proteins [8,11–13]. As mitochondria
possess a bacterial ancestry, one may presume that β-barrels of the mi-
tochondrial outer membrane, such as the translocases, sorting and as-
sembly machinery, and porins also possess interfacial tryptophans
that confer a stabilizing role to the protein scaffold. However, experi-
mental evidence in this direction is still lacking. In this study,we address
the importance of interfacial tryptophans of the human voltage-
dependent anion channel isoform 2 (hVDAC-2). hVDAC-2 is one of the
porins found in the mitochondrial outer membrane of eutherian
mammals, and is involved in maintaining metabolite ﬂux [16]. Using
biophysical techniques, we have examined the contribution of trypto-
phans and consequence of its substitutions on the folding, stability,
and function of this outer mitochondrial membrane (OMM) transmem-
brane β-barrel protein.
hVDAC-2 belongs to the family of primary channel transporters in
the OMM. While it is involved in maintenance of cellular homeostasis
and transport of metabolites across the OMM [17], hVDAC-2 mainly
contributes to cell survival by binding and inhibiting the Bcl-2 family
protein BAK [18]. It is a 19-stranded asymmetric barrel with an
N-terminal solvent-exposed helix that docks within the barrel, and is
important for voltage gating [19].Whilewe have a tentativemechanism
for hVDAC-1 folding [20], experimental evidences for hVDAC-2 folding
is still lacking. hVDAC-2 has four tryptophan residues, all of which are
strategically placed at the lipid-water interface, on opposite faces of
the barrel (Fig. 1). To study the contribution of these tryptophansFig. 1. Schematic of I-TASSERmodeled hVDAC-2WT barrel showing the side (left panel) and top
tryptophans (red sticks) with respect to the bilayer membrane (grey spheres in the left pane
interface, while Trp-86 lies towards the interior. The position of the bilayer membrane was de
4BUM) obtained from the OPM database [27,28]. IMS, intermembrane space.to barrel stability and function, we constructed mutants with single
tryptophans (W86,160,221F, W75,160,221F, W75,86,221F and
W75,86,160F) and single tryptophan substitution mutants (W75F,
W86F, W160F, W221F) (Table 1).
Membrane protein interfaces are highly sensitive to mutagenesis
[11], as they directly affect the correct positioning of the transmem-
brane segment in lipid membranes. Hence, we substituted tryptophan
with phenylalanine, as the latter provides a similar aromatic nature
and preferentially interacts with the hydrophobic region of the lipid.
Using ﬂuorescence measurements, we show that tryptophan contribu-
tion to the hVDAC-2 barrel stability is position dependent, as seen for
other bacterialβ-barrels [1,11–13].We ﬁnd that tryptophans at two po-
sitions, namely, 86 and 160, when substituted with phenylalanine, in-
crease the stability of folded hVDAC-2 barrel in detergent micelles.
The other two positions can accommodate both Trp and Phe, as the bar-
rel stability remains similar in both cases. However, we ﬁnd that all
Trp→ Phe substitutions considerably decrease the secondary structure
content of hVDAC-2. Further, tryptophans 75, 86 and 221 are important
for hVDAC-2 gating. Hence,we hypothesize that evolution has chosen to
retain tryptophans at these positions to maintain a balance between
hVDAC-2 stability and function within the cell, which are together
very important for maintaining cellular homeostasis.
2. Materials and methods
2.1. Preparation of folded hVDAC-2 WT protein and its mutants
Cloning of human VDAC-2 wild type gene was carried out using
established protocols [21]. Single and multi-tryptophan mutants were
generated using site-directed mutagenesis. The mutants are named
according to the position wherein the tryptophan is substituted to phe-
nylalanine (Table 1). Single tryptophan mutants are named as
W86,160,221F, W75,160,221F, W75,86,221F and W75,86,160F, corre-
sponding to the presence of single-Trp at 75th, 86th, 160th and 221st po-
sitions, respectively. Multi-tryptophan mutants are named as W75F,
W86F, W160F, W221F and W75,86F. For example, W75F has all the
tryptophans except at the 75th residue (W75→ F). The mutant where
all four tryptophans were replaced with phenylalanine was designated
W75,86,160,221F (Trp-less mutant). Studies with this mutant were re-
stricted to global secondary structure analysis and simulations.
All the genes were cloned in pET-3a vector. Escherichia coli BL21
(DE3) chemically competent cells were transformed with these plas-
mids, for protein production in the form of inclusion bodies. Isolation
of inclusion bodies was carried out using reported protocols [22] with
minor modiﬁcations (2.75% triton X-100 was used in the wash step)
and further puriﬁed by anion-exchange chromatography using
established methods [21].view (right panel). The barrel (shown as blue cartoon) highlights the positions of the four
l). Of the four intrinsic tryptophans, three (Trp-75, Trp-160 and Trp-221) lie close to the
ﬁned by superposing the hVDAC-2 structure on the zebraﬁsh VDAC-2 structure (PDB ID:
Table 1
hVDAC-2 and its tryptophan mutants.
hVDAC-2 Residue and
position
hVDAC-2 mutant description
75 86 160 221
WT W W W W Wild-type hVDAC-2; intrinsic
tryptophans at positions 75, 86, 160, 221
W86,160,221F W F F F hVDAC-2 W86F, W160F, W221F
W75,160,221F F W F F hVDAC-2 W75F, W160F, W221F
W75,86,221F F F W F hVDAC-2 W75F, W86F, W221F
W75,86,160F F F F W hVDAC-2 W75F, W86F, W160F
W75,86F F F W W hVDAC-2 W75F, W86F
W75F F W W W hVDAC-2 W75F
W86F W F W W hVDAC-2 W86F
W160F W W F W hVDAC-2 W160F
W221F W W W F hVDAC-2 W221F
W75,86,160,221F F F F F hVDAC-2 W75F, W86F, W160F, W221F
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out using reported methods [19], in 19.5 mM n-dodecyl-β-D-
maltopyranoside (DDM) micelles prepared in Buffer A (50 mM phos-
phate pH 7.2, 100 mMNaCl) and 10 mM DTT at 4 °C. A ﬁnal concentra-
tion of 25 μM protein was achieved in the folding mix. All the
experiments were conducted by 5-fold dilution of this mix to obtain
5 μMprotein and 3.9mMDDM in Buffer A containing 2mMDTT, unless
speciﬁed otherwise [19]. The samples were not dialyzed, and hence
contained residual amounts of GdnHCl (0.12 M).
2.2. Channel conductance measurements
Functional analysis of the single tryptophan mutants were carried
out as described previously [19]. Single channel conductance was mea-
sured at +10 mV in a planar bilayer membrane formed from
diphytanoylphosphatidyl choline (DiPhPC) containing 0.1% cholesterol.
A membrane with at least 20–100 channels was used to derive the
G/Gmax plots for each protein, using a voltage ramp from –60 to
+60mV at 3 mV/s. The voltage gating parameters n and V0 were calcu-
lated as described earlier [19].
2.3. Measurement of rate of folding of hVDAC-2
The folding rates of all the proteins at low GdnHCl concentrations
(b0.8 M) were measured at 4 °C using tryptophan anisotropy. Parame-
ters reported earlier [19] were followed for all measurements. Brieﬂy, a
λex of 295 nm and λem of 340 nm, each with a slit width of 5 nm, were
used for anisotropy measurements. The unfolded protein stock
(250 μM) in 6 M GdnHCl was rapidly mixed with 10-fold excess of
pre-chilled 19.5 mM DDM in Buffer A and 10 mM DTT. The acquisition
was started immediately after the mixing. The instrument dead time
was ~10 s. This experiment suffers from the limitation that each data
point is recorded after ~15.74 s; hence, the ﬁrst data point is acquired
at ~25 s. The data was normalized to obtain folded fraction (fF) using
the following equation.
f F ¼
r−rU
r F−rU
ð1Þ
Here, r is the ﬂuorescence anisotropy at a given time, rF and rU are
theﬂuorescence anisotropy of folded and unfolded proteins, respective-
ly. The single tryptophan mutants gave better ﬁts to a double exponen-
tial function, but the rates obtained from independent experiments
were not consistent. Hence, all data was ﬁtted to a single exponential
function and the rate of folding was derived for all the mutants. Errors
are standard deviation from at least three independent experiments.2.4. CD wavelength scans and thermal denaturation measurements
Far-UV wavelength scans were recorded using circular dichroism
(CD) spectropolarimetry to obtain the total secondary structure content
of the folded tryptophanmutants. Tominimize the contribution of noise
to the estimations, an average of molar ellipticity values from 214–
216 nm (ME214–216) was calculated. This was used to decipher the
β-sheet content, and hence the folding efﬁcacy, of the hVDAC-2 mu-
tants. The folded protein was also subjected to thermal denaturation
(T-scan) from 4–95 °C, and the loss in secondary structure was moni-
tored using far-UV CD at 215 nm. The various thermal denaturation
parameters Tm, ΔHapp and Tm-start were derived from the T-scan experi-
ments as explained previously [19,23].
2.5. Acrylamide quenching and measurement of ﬂuorescence lifetime
of tryptophans
All measurements were carried out using established protocols [19]
at 25 °C. The effect of acrylamide quenching was studied using steady-
state ﬂuorescence [21] and time-correlated single photon counting
(TCSPC) [13]. Brieﬂy, samples were incubated with varying concentra-
tions of acrylamide at 25 °C for 5 min, after which, measurements
were carried out. Inner ﬁlter correction was applied as described
previously [21] for steady-state ﬂuorescence measurements. A λex of
295 nm and λem of 340 nmwas used for both steady-state ﬂuorescence
and TCSPC measurements. The average lifetime (bτN) of tryptophan
was obtained by ﬁtting the TCSPC data to a triple exponential function
[21].
2.6. Equilibrium (un)folding measurements using tryptophan ﬂuorescence
Equilibrium folding and unfolding experiments were carried out by
using GdnHCl as the chemical denaturant, with minor modiﬁcations of
previous protocols [19]. An excitation wavelength of 280 nm was used
to improve the signal-to-noise ratio for the single tryptophan mutants
andwasmonitored using Trpﬂuorescence intensity. As someof themu-
tants showedhysteresis, the apparent thermodynamic parameters (free
energy,ΔG0; cooperativity of folding or unfolding,m value;mid-point of
denaturation, Cm)were derived for both the unfolding (ΔG0U,mU, Cm-U)
and folding (ΔG0F,mF, Cm-F) pathways, separately.
2.7. Kinetics measurements using tryptophan ﬂuorescence and
chevron plots
The folding arm of the chevron plot was generated by manually
mixing 25 μM protein in 19.5 mM DDM, 4 M GdnHCl, 10 mM DTT and
Buffer A, into a ﬁve-fold excess of varying concentrations of GdnHCl
(0.8–1.68 M) prepared in Buffer A. For the unfolding arm, 25 μM of
the folded protein stock (generated by the folding protocol mentioned
in the ﬁrst section) was diluted 2.5-fold in Buffer A. The obtained mix
was then diluted in a 1:1 ratio using a stopped ﬂow accessory (dead
time ~8 ms) into varying concentrations of GdnHCl (1.72–3 M) pre-
pared in Buffer A. The ﬁnal reaction mix for creating both the arms
contained 5 μM protein in 3.9 mM DDM, 2 mM DTT, and different
GdnHCl concentrations in Buffer A. All the measurements were carried
out by measuring the change in tryptophan ﬂuorescence intensity,
using λex = 295 nm and λem = 340 nm at 25 °C, and the reactions
were monitored until no further change in tryptophan ﬂuorescence
intensity was observed. For manual mixing, excitation and emission
slit widths were 3 nm and 5 nm, respectively, with data accumulation
every 6 s to minimize photobleaching. The dead time for manual
mixing was ~10 s. For stopped ﬂow experiments, excitation and emis-
sion slit widths were 2 and 10 nm, respectively, with data acquisition
every 0.1 s.
The data was ﬁtted either to a single or double exponential function,
and the rates (kf, rate from folding kinetics; ku, rates from unfolding
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obtain the chevron plots. The linear zone of both the arms was ﬁtted to
the following equations [24].
ln k fð Þ ¼ ln kH2Of
 
þmF−kin D½ 
RT
ð2Þ
ln kuð Þ ¼ ln kH2Ou
 
þmU−kin D½ 
RT
ð3Þ
wherein kfH2O and kuH2O are the intercepts and mF-kin andmU-kin are the
slopes of folding and unfolding arm, respectively, R is the gas constant
in kcal/mol, T is temperature in Kelvin and D is the denaturant concen-
tration. As theunfolding armhad a non-linear proﬁle, a quadratic Eq. (3)
was also used for ﬁtting the unfolding arm wherein mU1-kin parameter
accounts for the non-linearity [24].
ln kuð Þ ¼ ln kH2Ou
 
þmU−kin D½ 
RT
þmU1−kin D½ 2 ð4Þ
The free energy of unfolding (ΔG0kin) was calculated using Eq. (5)
ΔG0kin ¼−RTln
kH2Of
kH2Ou
 !
: ð5Þ
The Tanford β value (βT) was calculated as reported previously [25].
βT ¼
−mF−kin
mU−kin−mF−kin
: ð6Þ
2.8. Molecular dynamics simulations
I-TASSER [26]—modeled hVDAC-2 structure was used as the input
ﬁle for all the simulations. The structurewasﬁrst oriented in accordance
to zebraﬁsh VDAC-2 (PDB ID: 4BUM) template fromOrientations of Pro-
teins inMembranes (OPM) database [27,28], using PyMOL v1.5.0.5 [29].
The assembled hVDAC-2—micelle structure for simulations was gener-
ated using the Micelle Builder tool in the CHARMM-GUI web server
[30,31]. TheW75,86,160,221F (Trp-less) mutant was generated by mu-
tating all the tryptophan residues to phenylalanine, using the PDB ma-
nipulation options in the input generator. The hVDAC-2 barrel was
inserted into a DDMmicelle formed from 80 molecules. Increasing the
number of DDM molecules did not change the barrel properties.
Hence, for further analyses, only 80 DDM molecules were used. The
system was hydrated using TIP3P water model and 0.1 M NaCl was
added to neutralize the charges, and make the system similar to
experimental conditions. The ﬁnal protein-detergent complex was
~110.4 × 110.4 × 110.4 Å3 and had 1 protein, 80 DDM molecules,
67 Na+, 68 Cl– ions and 38,499–39,095 water molecules.
Initially, three independent short simulations were carried out for
~10 ns for both WT and W75,86,160,221F, with different starting
protein-detergent complexes. Here, all simulations were carried out
at a constant temperature of 298.15 K and 1 bar pressure, using
GROMACS v5.0.4 [32]. The system was ﬁrst energy minimized, and
then equilibrated in six steps with the conformational restraint on the
system decreasing with each step [31]. A single 100 ns production run
was carried out with zero restraints using one of the starting protein-
detergent assemblies, on GROMACS v5.0.2, for WT and W0, and used
for the ﬁnal trajectory generation and analysis. Particle mesh Ewald
method was used for long-range electrostatic interactions [33] and
LINCS algorithm for constraining covalent bonds involving hydrogen
atoms [34]. All ﬁnal analyses were carried out using GROMACS v5.0.4,
VMD v1.9.2 [35] or PyMOL. A sausage representation was generated
from the average structure using B-factors in PyMOL.3. Results
3.1. Single tryptophan mutants show altered voltage dependence
The VDAC-2 barrel shows conformational heterogeneity [36] that
manifests upon its channel function in the form of diverse conductance
states [19,37]. The observed conductance values at +10 mV are
centered at ~4 nS and ~2 nS and correspond to the open and
subconductance channel states [19]. The inﬂuence of hVDAC-2 cyste-
ines on channel behavior is documented [19]. However, the role of tryp-
tophans in VDAC-2 channel functioning is not known.Hence,we probed
the effect of tryptophanmutation on hVDAC-2 channel activity on a pla-
nar lipid bilayer system. As all the four tryptophans are positioned fac-
ing the lipid membrane, a drastic change in hVDAC-2 function was not
expected upon conserved substitution with phenylalanine.
All the four single tryptophanmutants insert at varying conductance
levels at+10mV (Table 2), as observed previously for the hVDAC-2WT
protein [19]. This shows thatmutation of tryptophans does not alter the
conductance states seen upon channel insertion, to a considerable ex-
tent. When a multichannel membrane containing thesemutants is sub-
jected to triangular voltage ramps ranging from –60mV to+60mV,we
observe marginally steeper voltage dependence for almost all single
tryptophan mutants, when compared to the WT (Table 2). hVDAC-2
W86,160,221F shows an additional decrease in the V0 values at positive
voltages (Table 2 and Supplementary Fig. 1). Surprisingly, W75,86,221F
shows a subconductance state that is slightly different from other tryp-
tophanmutants (lower left panel of Fig. 2). The tryptophan to phenylal-
anine substitutions carried out in this study are not expected to
drastically alter VDAC-2 functional characteristics when compared
with other mutations, which change the charged state or chemical na-
ture of the substituted amino acid [38–40]. Hence, the subtle functional
differences we observe in a background of conserved substitutions
might be sufﬁcient for interpretation. Our data signiﬁes the importance
of tryptophans at 75, 86 and 221 in channel gating. The subconductance
state achieved at higher voltages displays higher conductivity values
when compared to WT, as the response to the applied voltage for this
mutant barrel is weak.
We calculated thenFV0 value, which is an indication of the difference
in the energy of open and closed states (Table 2) [41]. All the mutants
show a decrease in nFV0 value, demonstrating a certain degree of con-
formation rearrangement upon replacement of tryptophans [41]. We
ﬁnd that although tryptophans may not be important for maintaining
the pore diameter as they face the lipids, they do affect the overall ener-
gy difference between the open and the closed states of the lipid-
inserted barrel.
3.2. Folding proceeds from N- to C-terminus in hVDAC-2 barrel formation
Membrane protein folding and factors affecting this process have
previously been studied in lipidic micelles and vesicles. We have previ-
ously shown that hVDAC-2WT exhibits rapid folding rates in detergent
micelles, while folding in vesicles is inefﬁcient [21]. Hence, we investi-
gated the effect of tryptophan substitutions on the kinetics of hVDAC-
2 barrel folding in dodecyl β-D-maltoside (DDM). Our previous experi-
ments indicate that the overall barrel scaffold is well supported by the
oblate DDMmicelles [19].
We used tryptophan ﬂuorescence anisotropy to monitor the folding
kinetics at 4 °C, as tryptophan ﬂuorescence intensity measurements are
too fast to be captured accurately at GdnHCl concentrations b0.8M [21].
As the protein folds, the ﬂuorescence anisotropy of tryptophan also in-
creases. This is because the indole ring undergoes a change from a
solvent-exposed ﬂexible conformation in the unfolded protein to a bur-
ied and rigid state in the folded protein. The W75,160,221F mutant,
which only possesses Trp-86, shows the slowest folding rate among
all the mutants (~30% slower than WT) (Fig. 3 and Supplementary
Fig. 2). This tryptophan lies in β4 strand. Similarly, the W86,160,221F
Table 2
Voltage gating parameters for hVDAC-2 WT and its single tryptophan mutants.
hVDAC-2 mutantsa Positive voltages Negative voltages Single channel conductance [nS]d
n V0
b nFV0
c n V0
b nFV0
c
WT (5)e 3.12 ± 0.50 28.63 ± 1.92 8.62 3.07 ± 0.47 −25.00 ± 2.64 7.4 2.43 ± 0.58 (6), 3.98 ± 0.50 (12)
W86,160,221F (4) 2.54 ± 0.55 19.97 ± 1.00 4.90 1.89 ± 0.33 −22.13 ± 2.90 4.04 2.44 ± 0.43 (5), 3.97 ± 0.63 (10)
W75,160,221F (4) 2.80 ± 0.71 24.85 ± 3.37 6.72 3.13 ± 0.31 −22.59 ± 2.93 6.82 2.48 ± 0.26 (6), 3.85 ± 0.39 (10)
W75,86,221F (4) 2.58 ± 0.20 23.64 ± 2.85 5.89 2.31 ± 0.20 −26.07 ± 1.86 5.80 2.82 ± 0.21 (6), 3.91 ± 0.37 (8)
W75,86,160F (4) 2.24 ± 0.61 25.63 ± 2.44 5.55 2.29 ± 0.25 −24.08 ± 3.22 5.33 2.46 ± 0.57 (5), 3.74 ± 0.47 (11)
Error values represent standard deviation between independent experiments.
a Values in brackets indicate the number of independent experiments conducted for the voltage ramp studies to derive n and V0 values.
b V0 given in mV.
c nFV0 given in kJ mol−1.
d Numbers in parenthesis indicate the total number of channels considered from at least three independent experiments. Channels are segregated based on their insertion in fully open
(~4 nS) or in subconductance (~2 nS) states.
e Parameters for WT are published in reference [19] and are used here with permission for purpose of comparison.
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the neighboring β3 strand. Mutants with a single Trp at either the 160th
(W75,86,221F) or 221st (W75,86,160F) position fold marginally faster
than WT hVDAC-2 (Fig. 3). These tryptophan residues are found in
strands β10 and β14, respectively.
The folding of hVDAC-2 is amulti-step process [19].We aremonitor-
ing the folding process of hVDAC-2 using the change in Trp ﬂuorescence
as a reporter of the barrel folding rate. Hence, our ﬂuorescencemeasure-
ments can possibly capture the process of hVDAC-2 folding and assem-
bly. If hVDAC-2 follows a directional assembly, the measured rate of
change in ﬂuorescence would indicate whether a speciﬁc indole is bur-
ied early during the folding process. Accordingly, we ﬁnd that Trp-160
(W75,86,221F) or Trp-221 (W75,86,160F) show faster folding rates.
Therefore, one can assume that strands β10–β14 assemble early during
hVDAC-2 folding. Similarly, Trp-75 (W86,160,221F) and Trp-86
(W75,160,221F) show slower folding rates than the WT, suggesting
that strands β3–β4 assemble later during folding. The folding rate of
the WT protein is an average of the folding rates obtained for the
single-Trp mutants. Hence, one possible explanation for the data is
that the barrel folding proceeds from the C-terminus (where Trp-160Fig. 2. G/Gmax plots for all the four single tryptophanmutants derived frommulti-channel
membranes. Both W86,160,221F and W75,160,221F show minor variation in the
subconductance states at positive voltages. W75,86,221F, on the other hand shows
considerable variation at both the positive and negative voltages, and is least sensitive to
increasing voltage. Grey symbols indicate the WT protein and is shown here for purpose
of comparison. Error bars are omitted for the sake of clarity. The complete data is shown
in Supplementary Fig. 1. Data for hVDAC-2 WT protein has been reproduced from
reference [19] with permission.and Trp-221 reside; region corresponding to β10–β14) to the
N-terminus (where Trp-86 resides; region corresponding to β4).
It can also be argued that the W→ F substitutions at the 160th and
221st positions adversely affect the folding rate of W75,160,221F and
to some extent, W86,160,221F. Both of these mutants do not have
Trp-160 and Trp-221. To examine this further, wemeasured the folding
rate of themulti-Trpmutants (Fig. 3B).We ﬁnd that all themutants that
possess both Trp-160 (present in β10) and Trp-221 (present in β14),
namely W75,86F, W75F, and W86F display folding rates comparable
to (or better than) the WT barrel. Furthermore, the multi-tryptophan
mutants W160F and W221F also show similar rates as the WT protein
(Fig. 3B). Put together, the second possible explanation for our data is
that the presence of either Trp-160 or Trp-221 is sufﬁcient to drive
proper barrel folding.
As tryptophans play an important role in the barrel folding and sta-
bility, we probed the overall ﬁnal folded state of the mutant barrels by
measuring their far-UV CD proﬁles (ME214–216, ellipticity values at
214–216 nm are plotted in Fig. 3C). The secondary structure content
of all the single Trp mutants is lower than the WT protein, with
W86,160,221F and W75,160,221F remaining the least structured of
the mutants. Substitution of all tryptophans with phenylalanine affect-
ed barrel folding the most (W0 mutant). The ME214–216 values, which
represent the β-sheet content, follow the order WT ≥ Trp-221 ≥ Trp-
160 ≥ Trp-86 ≥ Trp-75 ≥ Trp-less mutant (see Fig. 3C).
Whenwe put together the results from the folding rates and second-
ary structure analysis, we can conclude that either Trp-160 or Trp-221 is
likely to facilitate the intrinsic fast folding of hVDAC-2. Therefore, Trp-
160 and Trp-221 are likely to be a part of the folding nucleus and substi-
tution of both these residues with phenylalanine drastically affects the
rate of folding and the ﬁnal folded state of hVDAC-2. The secondary
structure content we obtain from the CD measurements supports our
assumption from folding rates (Fig. 3B), that folding proceeds from
β14 to β4 in hVDAC-2. Further, the multi-tryptophan mutant data indi-
cate that the presence of either Trp-160 or Trp-221 is important for
maintaining the well-folded state of the barrel. Such a mechanism of
folding, involving nucleation of folding at the C-terminal strands and
completion of folding towards the N-terminal strands has also been ob-
served for the 22-stranded β-barrel FhuA [42].
3.3. Lone indoles of single-tryptophan hVDAC-2 mutants are buried to a
greater extent than WT
We next probed the tryptophan environment using acrylamide ac-
cessibility monitored using both steady state tryptophan ﬂuorescence
and lifetime (Supplementary Fig. 3). Higher values of the Stern-
Volmer constant (KSV) is obtained in acrylamide quenching measure-
ments if tryptophan is accessible to the quencher (acrylamide). On the
contrary lower values of ﬂuorescence liftetime (bτN) are generally ob-
tained for the solvent-exposed tryptophan residues. All the multi-
Fig. 3. Folding rates and secondary structure content of hVDAC-2 WT and various tryptophan mutants. (A) Folding kinetics of hVDAC-2 W75,160,221F and W86F monitored using
tryptophan ﬂuorescence anisotropy in 19.5 mM DDM at 4 °C, highlights the difference in the rates between the two mutants. Solid lines indicate ﬁts to a single exponential function.
The folding kinetics for all the mutants and the raw anisotropy data is shown in Supplementary Fig. 2. (B) Histograms summarizing the rates obtained from (A), after ﬁtting individual
data to a single exponential function. hVDAC-2 W75,160,221F shows the slowest folding rate in DDM micelles. The initial dead time of the experiment was ~25 s, and the initial
folding phase could not be accurately captured. Error bars specify standard deviation from three independent experiments. (C) ME214–216 shows an average of molar ellipticity (ME)
values from 214–216 nm, and is used as an indicator of the secondary structure content in folded hVDAC-2. W75,86,160,221F (Trp-less) and all the single tryptophan mutants show a
compromised folding efﬁciency in DDM micelles, and therefore, have lower ME values. Put together, these data highlight the importance of tryptophans for proper folding of the
hVDAC-2 barrel.
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show similar values for the Stern-Volmer constant (KSV) (Supplementa-
ry Fig. 3A). Further, the lifetimes decrease upon acrylamide addition
(Supplementary Fig. 3B). The single tryptophanmutants show different
lifetimes (between 2–3 ns), lowered KSV values (indicating that the in-
doles have less accessibility to acrylamide as compared to the WT bar-
rel), and different ﬂuorescence quenching proﬁles (Supplementary
Fig. 3). When single tryptophan mutants of hVDAC-2 are probed using
acrylamide quenching coupled lifetimemeasurements, we see thatmu-
tant with Trp-75 reaches saturation faster than the other mutants (Sup-
plementary Fig. 3B). This indicates a likely added contribution of a
vicinal quencher. The neighboring residue of Trp-75 is Cys-76 (see
Fig. 7D),which can act as a potent quencher for tryptophanﬂuorescence
[43].
When three tryptophans are replaced with the more hydrophobic
phenylalanine in theWTbarrel, we conjecture that the benzyl ring pref-
erentially buries itself, leading to a marginally altered barrel structure.
This change, in turn, renders the lone tryptophan inaccessible to acryl-
amide. Such a behavior for phenylalanine has been reported previously
in transmembrane helices [1]. Therefore, a lone tryptophan, particularly
at 75th or 86th position, is insufﬁcient to deﬁne the barrel interface of
hVDAC-2.
3.4. Trp-86 is a key deterrent while Trp-221 is a key determinant of
hVDAC-2 barrel stability
The four intrinsic tryptophans of hVDAC-2 are placed strategically
on the opposing faces (Fig. 1) of the barrel, to deﬁne the barrel interface
correctly. To better understand the role of each of these tryptophans in
barrel stability we subjected the mutants to equilibrium folding and
unfolding measurements in DDM micelles, using GdnHCl as the dena-
turant. The hVDAC-2 WT barrel shows complete reversibility in its
(un/re)folding process (Supplementary Fig. 4A). W160F shows consid-
erable hysteresis under these conditions. This mutant retains the three
other tryptophans of hVDAC-2, highlighting that the presence of trypto-
phan at the 160th position is important tomaintain the thermodynamic
equilibrium of hVDAC-2.
We observe hysteresis to different extent in most of the mutants.
Further, increasing the incubation time for more than 48 h, led to pro-
tein aggregation at intermediate GdnHCl concentrations, especially in
the folding reactions (Supplementary Fig. 4B). Hence,we derived appar-
ent thermodynamic parameters [44], for both the unfolding and folding
pathways from the 24 h data. This includes the Gibbs free energy (ΔG0),cooperativity of the unfolding or folding process (m value), and mid-
point of chemical denaturation (Cm). In general, we observe that for
all mutants, the folding pathway is more cooperative (higherm value)
and correspondingly, has a higher ΔG0 than the unfolding pathway
(compare Fig. 4A and B). This shows that folding of the hVDAC-2 barrel
is energetically favorable and under optimal conditions, the equilibrium
is shifted towards the folded state. The unfolding process, on the other
hand, is less cooperative, which can be due to slower denaturant access
to the folded barrel uponGdnHCl addition.We also see protein aggrega-
tion in all themutants at lower GdnHCl concentrations, upon prolonged
incubation, as observed earlier in the WT barrel [19]. Hence, the aggre-
gation process at lower GdnHCl concentrations is independent of tryp-
tophan residues.
We see a drastic decrease in protein stability when only tryptophan
at the 86th position is present (W75,160,221F, Fig. 4), in both the
unfolding and folding pathways. Hence, tryptophans at positions 75,
160 and 221 are important for hVDAC-2 stability. The low free energy
for W75,160,221F is mainly due to low m values, as the Cm is similar
to theWT for all the single Trpmutants. According to themodeled struc-
ture, the 86th position is comparatively more buried than the other
three tryptophans, which are at the interface (Fig. 1). We ﬁnd that
while the other positions can accommodate both tryptophan and the
more hydrophobic phenylalaninewithout considerably changing barrel
stability, phenylalanine at 86th position increases stability. This is also
conﬁrmed by the ~1.7 fold increase in stability of the W86F mutant
over the W75,160,221F mutant, wherein, W86F differs from the WT
barrel at just the 86th position (Fig. 4). The W75,86F mutant is also
destabilized to a similar extent as theW75,160,221Fmutant in the fold-
ing process, due to loweredm value. We conclude that a highly cooper-
ative folding process of hVDAC-2 is achieved if at least two tryptophans
(Trp-75 and Trp-160/Trp-221) are present at opposite faces (β3 and
β10/β14) of the barrel.
Residue 221 displays interesting features in our experiments. First,
W75,86,160F is the only single-Trp mutant to display cooperative pro-
tein folding and unfolding, comparable to the WT protein. Secondly,
the mutation of Trp-221 (in the W221F mutant) shows a marginally
lowered m than the other multi-Trp mutants (Fig. 4). Hence, the 221st
Trp contributes to the folding and stability of hVDAC-2. Interestingly,
when the 221st position has phenylalanine (W221F mutant), the barrel
exhibits increased resistance to chemical solvation (highest Cm value)
(Fig. 4). Indeed, this is the only construct to exhibit a considerably differ-
ent Cm. Residue 221 is present near to one of the longest loops of the
hVDAC-2 protein. A mutation in this region can have implications on
Fig. 4. Thermodynamic parameters for hVDAC-2 WT and its various tryptophan mutants. Data was obtained from equilibrium (un)folding measurements in 3.9 mM DDM after a 24 h
incubation in a gradient of GdnHCl, at 25 °C. A change in the tryptophan ﬂuorescence intensity was used to monitor the progress of the reaction over 48 h. The equilibrium
measurements showed hysteresis (see Supplementary Fig. 4 for more details) for most of the mutants, and hence the thermodynamic parameters derived from unfolding (A) and
folding (B) measurements have been shown separately. Among the single tryptophan mutants, W75,160,221F mutant is highly destabilized in both unfolding and folding
measurements (lowest ΔG0 and m value), while its counterpart W86F is among the most stable mutants. In general, free energy for folding is higher as compared to unfolding for all
the mutants. This is due to the increase in the cooperativity of the folding process (higher mF), while the Cm remains largely similar. Dotted lines in each graph indicate the average
value for the measured parameter. Error bars denote standard deviations obtained from at least two independent experiments.
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barrel. We speculate that barrel folding proceeds from the C- to N-
terminus (β14 and β10 fold before β4; see Fig. 1). We can explain the
ability of Phe-221 to nucleate folding through initial interaction with
detergentmolecules when we consider the hydrophobic nature of phe-
nylalanine. This property can drive folding of theW221F barrel at higher
GdnHCl concentrations, and account for its high Cm.
Overall, a global reduction in the unfolding free energy across allmu-
tants is due to the lowered unfolding cooperativity (lowm values). The
destabilizing effect of Trp at the 86th position and favorable contribution
from 221st position in hVDAC-2 folding are also conserved in the
unfolding pathway.
3.5. β3-4 is inherently unstable during folding of hVDAC-2 barrel in
DDM micelles
Most of the tryptophan mutants showed hysteresis in equilibrium
experiments. Hence, we validated our deductions using the thermody-
namic parameters obtained from chevron plots. It must be noted here
that on account of hysteresis, the kinetic traces saturate to an interme-
diate state for the GdnHCl concentrations lying in the transition zone
of our equilibrium experiments (~1.5 M–2.5 M). We obtained the fold-
ing armbymanualmixing, and bymonitoring the change in the ﬂuores-
cence intensity of tryptophan as the barrel folds. The folding kinetics ﬁt
well to a double exponential function (Supplementary Figs. 5 and 6).
This shows that folding of the hVDAC-2 barrel proceeds through two
steps. The initial association of the barrelwith themicelle, upon dilution
of the denaturant, is likely to be rapid, representing the fast phase.
Minor structural rearrangements, especially in the vicinity of the 86th
position decide the slow phase. We also observed a marginal rollover
in the folding arm at very low GdnHCl concentrations, indicating the
likely presence of an intermediate. Additionally, we also knew from
our equilibrium measurements that hVDAC-2 barrel has a tendency to
aggregate at low GdnHCl concentrations, which can also cause thisrollover [25]. Hence, we used only the linear region of the folding arm
for our subsequent analysis.
The unfolding arm, on the other hand, is very shallow and had a
smooth rollover at ~2.5 M GdnHCl (Supplementary Figs. 5 and 6).
Here, the tryptophan ﬂuorescence data obtained at lowGdnHCl concen-
tration could be deﬁned well with a single exponential function. As the
GdnHCl concentration increases beyond ~2.3 M, the kinetics ﬁt well to
double exponential function. We ﬁt the unfolding arm both to a linear
function (Supplementary Fig. 5), and with a function that considered
the rollover (Supplementary Fig. 6), to derive the thermodynamic pa-
rameters. As anticipated, ﬁts to the linear function gave us free energy
values (ΔG0kin) that were marginally lower than the latter (Supplemen-
tary Table 1); however, the trend in free energy differences among the
mutants was consistent with both methods of data analysis. Overall,
the chevron analysis indicates the presence of intermediates
in hVDAC-2 folding, and theΔG0kin does not account for the total change
in the free energy of the system. Hence, the kinetic free energy
is underestimated for hVDAC-2 barrel in DDM micelles in our
experiments.
Upon comparing the thermodynamic parameters obtained from
chevron analysis, we ﬁnd that W75,160,221F is the least stable of all
mutants, followed closely by the W86,160,221F construct. Our kinetics
study highlights the inherent instability of the β3-4 region in the barrel.
We derived the Tanford β value, which represents how compact the in-
termediate state is with reference to the folded and unfolded protein
states. The Tanford β values are ~0.5 for all the mutants, indicating
that the transition state lies between the native and denatured states
[45,46], and is not affected by substitution of tryptophan. Considering
all these results, we ﬁnd that unfolding ofWT takes place through an in-
termediate that is not detected in the equilibrium chemical denatur-
ation experiments. Additional experiments that allow for the capture
of the unfolding intermediate are needed to characterize its nature. Fur-
ther, hVDAC-2 W75,160,221F and W86,160,221F have compromised
folding kinetics presumably due to the structural rearrangement of the
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residues 160 and 221.
3.6. Positions 75, 160 and 221 act in concert to determine hVDAC-2 global
thermal stability
We addressed the effect of interfacial hVDAC-2 tryptophans on the
global folded structure and stability of the folded barrel in DDM mi-
celles. For this, we subjected the folded protein to thermal denaturation
from 4–95 °C and monitored the change using far-UV CD at 215 nm.
hVDAC-2 undergoes aggregation upon unfolding [19]. The far-UV CD
data provides information for both unfolding and aggregation, which
we can obtain from the Tm and Tm-start (mid-point and unfolding start
temperatures, respectively), and the apparent change in the overall en-
thalpy (ΔHapp), which is also an indication of the overall cooperativity of
the reaction [19]. The Trp-less mutant (W75,86,160,221F) is one of the
most unstable mutants, with lowest Tm and Tm-start (mid-point and
unfolding start temperatures, respectively) values. The ΔHapp is also
lowest for Trp-less mutant (Fig. 5). Hence, tryptophans play an impor-
tant role in anchoring the folded barrel to the micelles, and its removal
causes the barrel to unfold in a less cooperative manner over a large
temperature range (Supplementary Fig. 7).
All single andmulti-tryptophanmutants show lowered Tm (Fig. 5A).
In line with our ﬁndings from chemical denaturation, hVDAC-2
W75,160,221F appears destabilized and shows rapid (cooperative)
unfolding (high ΔHapp; Fig. 5C). We believe that due to the initial desta-
bilization and vulnerable folded state of the barrel, hVDAC-2
W75,160,221F collapses rapidly upon heating. On the other hand,
W86F mutant emerges as most resistant to thermal denaturation
(highest Tm; Fig. 5A). Here again, we ﬁnd that stability increases when
Trp at the 86th position is replaced with a phenylalanine, owing to the
buried nature of this region (see Fig. 1). The folded state of
W86,160,221F is also comparable to W75,160,221F (Fig. 3C); however,
it is not as destabilized (see stabilitymeasurements in Fig. 4), and hence
unfolds slowly, showing a lower ΔHapp (Fig. 5C).
An unexpected ﬁnding from the thermal denaturation experiments
came from theW75,86,221F mutant. This mutant shows stability levels
(lowest Tm) comparable to the Trp-less mutant. When the 160th posi-
tion is substituted for phenylalanine (W160Fmutant), thermal stability
is regained only to some extent. To better understand the environment
of 160th position,we calculated the hydropathy values for hVDAC-2WT
barrel. Hydropathy values derived using three scales (Wimley-White
interfacial scale [47], Kyte & Doolittle scale [48], and transmembrane
tendency scale [49]) show that Trp-160 has the highest partition
energy, and lies in a zone populated with hydrophobic residuesFig. 5. Summary of parameters derived from thermal denaturation experiments of hVDAC-2.
midpoint of thermal denaturation (A), Tm-start, starting temperature of secondary structure co
T-scan experiments shown in Supplementary Fig. 7B. hVDAC-2 W75,86,221F and W75,86,160
the highest cooperativity of unfolding. Note, however, that W86F possesses the highest Tm.(Fig. 6). Trp-221 also lies in a marginally hydrophobic area, whereas
the environments of Trp-75 and Trp-86 are amphipathic.
What we ﬁnd from our thermal denaturation measurements is that
except for residue 86, the positions 75, 160 and 221 have incremental
contributions to hVDAC-2 stability. This occurs because none of the
permutants can completely recover the Tm and ΔHapp of WT. Of the
single-Trp mutants, W75,86,221F (mutant retaining Trp-160) is insufﬁ-
cient to thermally stabilize hVDAC-2, whereas barrel destabilization is
considerably offset by the presence of Trp-75. The barrel scaffold can ac-
commodate Phe well at position 160, but not to the extent of the 86th
position. Hence, we conclude that positions 75, 160 and 221 contribute
in an additive manner to stabilize the folded barrel, with a clear prefer-
ence for Phe only at position 86.
3.7. Unique environment of each hVDAC-2 tryptophans allow for
different contributions
We ﬁnd, from our experimental data, that each hVDAC-2 indole
contributes differentially to the voltage gating, folding pathway and
post-folding stability of the 19-stranded asymmetric barrel. To further
validate our observations, and gain insight into the hydrophobic
environment at each Trp position, we carried out atomistic molecular
dynamics simulations of hVDAC-2 WT and Trp-less barrels in DDM
micelles. Interestingly, when the ﬁrst 11 residues are not considered,
simulations showed no considerable difference in the root mean square
deviation (RMSD) and radius of gyration (Rg) of the two mutants
(Fig. 7A). The residues 1–11 of N-terminal helix are highly dynamic
only in the WT barrel (Fig. 7B), thereby affecting its whole protein
RMSD and Rg values (Fig. 7A, left panels). We observe three zones of
stable RMSD values in the 100 ns trajectory with each of the zones cor-
responding to different orientations of N-terminal region (Supplemen-
tary Fig. 8). Further, Rg represents compactness of the molecule, and
simulations showed that substitution of tryptophans to phenylalanines
did not considerably alter the compactness of transmembrane region.
The rootmean square ﬂuctuation (RMSF) and solvent accessible surface
(SAS) area are also similar for both the barrels (Supplementary Fig. 9)
showing that the barrel topology remains largely unchanged after the
substitution. Hence, our simulation studies indicate that aW→ F substi-
tution in hVDAC-2 lowers the dynamicity of the N-terminal helix resi-
dues 1–11. The reason for this observation is presently unclear.
Next, we examined the vicinity of each of the four indole (or the cor-
responding benzyl ring in the Trp-less barrel) positions for gauging the
hydration levels and interaction with DDM molecules, over the course
of the simulation. In general, we observe an inverse relationship be-
tween the hydration level and DDM molecules at the vicinity of bothDenaturation of the barrel structure was monitored using far-UV CD in 3.9 mM DDM. Tm,
llapse upon heating (B), and ΔHapp, cooperativity of unfolding (C) are derived from the
,221F mutants are among the least thermal stable mutants, while W75,86,221F exhibits
Fig. 6. Normalized hydropathy plots for hVDAC-2 WT and W75,86,160,221F (Trp-less)
proteins. Hydropathy plots were made using the Wimley-White interfacial scale (dark
blue, [47]), Kyte & Doolittle plot (dark green, [48]) and transmembrane tendency scale
(purple, [49]) with a window size of 9. Regions corresponding to the β-strands are
shaded in grey, and the N-terminal helix (residues 17–29) is indicated as cyan. Solid red
drop lines mark positions 75, 86, 160 and 221. Residues in the vicinity of position 160
show the highest partition energy, and also lie in a hydrophobic zone.
Fig. 7. In silico analysis of the tryptophan environment in hVDAC-2 barrel probed using
molecular dynamics simulations. (A) Comparison of the hVDAC-2 WT and
W75,86,160,221F (Trp-less) barrels in DDMmicelles along a 100 ns trajectory generated
using the GROMACS simulation package [32] using root mean square deviation (RMSD;
top) and radius of gyration (Rg; bottom). hVDAC-2 WT barrel shows variation in RMSD
and Rg throughout the trajectory, which is absent in W75,86,160,221F (left panels). This
variation stems from the ﬁrst 11 residues of the N-terminal helix, which exhibit a highly
dynamic nature during the simulation. When these residues are not considered in the
analysis (right panels), we see that the RMSD and Rg are invariant for both WT and Trp-
less mutant. This suggests that mutating tryptophan to phenylalanine does not alter the
stability or the compactness of the barrel. Also see Supplementary Fig. 8 for more
information. (B) Sausage representation of WT and Trp-less barrels, showing the
dynamic nature of ﬁrst 11 residues in the WT protein. The structure is color coded based
on the B-factor (highest: red; lowest: blue).
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(Fig. 8A and B). A closer examination of the data reveals that although
the 160th position is at the interface, we observe a larger number of
DDMmolecules in its vicinity. The 160th position is therefore compara-
ble to the vicinity of a fully buried lipid-facing residue such as Leu-270,
in its DDM content (Fig. 8A and B and Supplementary Fig. 10). Concom-
itantly, it is alsowell-hydrated, reﬂecting the amphipathic nature of this
segment (Fig. 8A and B and Supplementary Fig. 10). Residue 160 lies at
the start of β10. Both β9 and β10 are the most hydrophobic strands of
the barrel, and are expected to bind DDMmolecules (Fig. 6). An amphi-
pathic residue at 160th positionmay, therefore, be important to facilitate
strand reversal at the β9–β10 junction and allow for solvation. Howev-
er, water accessibility in this region also causes the destabilization of
hVDAC-2 W75,86,221F upon thermal denaturation, particularly when
the other anchoring indoles are absent.
The regions corresponding to 75 and 221 have almost similar num-
ber of DDM and water molecules (Fig. 8A and B and Supplementary
Fig. 10), and could account for comparable stabilization by Trp or Phe
in these positions. These tryptophans are also surrounded by residues
like cysteines and glutamic acid that provide an amphipathic environ-
ment at the solvent-membrane interface (Fig. 8D). It is known that aro-
matic interaction networks at the interface sites in transmembrane β-
barrels contribute considerably towards its stability [11]. We ﬁnd that
both Trp-75 and Trp-160 have three aromatic residues within a 5 Å dis-
tance, while Trp-221 has one (Fig. 8D). The formation of aromatic inter-
actions is one likely mechanism bywhich the positions 75, 160 and 221
together stabilize the barrel. In contrast to Trp-75, the 86th position only
retains a considerable number of DDMmolecules in its vicinity (Fig. 8A
andB and Supplementary Fig. 10). Trp-86has no aromatic residues in its
vicinity, again supporting the destabilizing effect of this position.
4. Discussion
The contribution of ‘aromatic belts’ formed by tryptophans and tyro-
sines to membrane protein stability is considerable, and has been stud-
ied in detail [2–4]. Herein, we have tried to decipher the role of the four
intrinsic conserved tryptophans of the human OMM protein VDAC-2,
towards its stability in detergent micelles. From our biophysical analy-
ses, it is evident that the contribution of these tryptophans is clearly de-
pendent upon the position. While all the tryptophans are at the
interface in hVDAC-2, our studies show that each position is unique
and poses an intrinsic inﬂuence on the barrel stability. At the same
time, it is alsomodulated by the placement of either tryptophan or phe-
nylalanine at the other interface positions. This is summarized in Fig. 9,
where the various biophysical parameters derived in this study are
compared across the mutants.
The hVDAC-2 barrel structure is asymmetric and very similar to
VDAC-1, with a height of ~4 nm, and a concave pore of dimensions
~3.5 nm × ~3.1 nm at the interface [28,50,51]. While all four indoles
are at the interface, their contributions can be inﬂuenced by the local
environment. The 86th position tryptophan is buried as compared to
the other three positions, and does not have any neighboring aromatic
residues (Fig. 8D). The lone tryptophan at this position is considerably
inefﬁcient at supporting barrel folding (Fig. 3) and along with
W86,160,221F, is themutant with the least secondary structure content
(Fig. 3C). Additionally, this mutant has the least chemical stability
(Fig. 4).When themore hydrophobic phenylalanine is placed at this po-
sition the barrel stability increases manifold (Fig. 9) owing to its better
adjustment to the hydrophobic lipidic interior. Hence, we ﬁnd that in
thepresence of Trp-86, and absence of other three intrinsic tryptophans,
the β4 strand is destabilized. However, Trp-86 shows absolute conser-
vation in most of the known VDAC sequences [52], indicating a possible
functional role for β4 destabilization that is currently unknown.
A tryptophan at residue 75 is seen in VDAC-1 and -2, but is replaced
by aliphatic residues in isoform 3 [52]. hVDAC-2 barrel stability is mod-
erately affected when substituted with phenylalanine (see the adjacent
Fig. 8. Vicinity analysis of Trp/Phe from simulation studies. Analysis of Trp or Phe at positions 75, 86, 160, 221, and control residues (120 and 270) in a 100 ns simulation of hVDAC-2WT
and W75,86,160,221F in DDM micelles. DDM/water molecules within a 5 Å radius of the designated residues throughout the trajectory are shown for WT (A) and W75,86,160,221F
(B) barrels. Lys-120 and Leu-270 served as controls for water-solvated and DDM-bound regions, respectively. The residue number is indicated within each panel. Comparing the total
number of neighboring DDM (upper panels) and water molecules (lower panels) within a 5 Å radius of each tryptophan shows that 160th position has high DDM content, comparable
to that of the completely buried Leu-270 residue. This highlights the afﬁnity of Trp-160 for a hydrophobic environment. At the same time, this position has a similar water content as
the other tryptophans (75, 86, 221; see lower panels), reﬂecting the interfacial nature of this region. Similar results were obtained for WT and W75,86,160,221F simulations. Also see
Supplementary Fig. 10 for more information. (C) Cartoon representation of hVDAC-2 WT barrel showing the positions of four intrinsic tryptophans (red sticks) and the control
residues, K120 and L270 (purple sticks). (D) Cartoon representation of hVDAC-2 WT highlighting the neighboring aromatic residues (green sticks), and possible quenchers (yellow
sticks), for each of the four tryptophans (red sticks). Possible quenchers for tryptophan ﬂuorescence include residues like cysteine, histidine, glutamic acid and aspartic acid. The
membrane position is shown as grey spheres.
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cause a marginal destabilization of β3. Similarly, both Phe and Trp are
tolerated at position 221. However, both Trp-160 and Trp-221 are high-
ly conserved across all three VDAC isoforms from various organisms
[52]. The importance of these regions is also highlighted by itsFig. 9. Stability proﬁles of hVDAC-2WT and its tryptophanmutants. Parameters are listed
to the left, and each mutant is color coded using a gradient of reds if they represent barrel
destabilization, and a gradient of greens if they stabilize the folded conformation. The
single tryptophan mutant W75,160,221F is the most unstable mutant (extreme left)
while its counterpart W86F is highly stabilized (extreme right). Hence hVDAC-2 barrel
stability increases if phenylalanine is placed at the 86th position. W75,86,221F shows
conditional destabilization in thermal denaturation measurements. Both tryptophan and
phenylalanine stabilize the barrel when present at the 75th and 221st positions.functional relevance in Bak import, tBid induced apoptosis and interac-
tionwith steroidogenic acute regulatory protein [53,54]. The 221st posi-
tion is close to one of the longest loop of the hVDAC-2 barrel. Alongwith
Trp-160, Trp-221 can drive folding of the hVDAC-2 barrel (Fig. 3).While
theW221F mutant shows an unusual increase in the barrel’s resistance
to chemical solvation (see Fig. 4), we believe that this is due to the in-
trinsic hydrophobic nature of phenylalanine. Nevertheless, the 221st po-
sition can accommodate either tryptophan or phenylalanine in the
folded protein, as observed from the close placement of W75,86,160F
and W221F in the color scale (Fig. 9).
The true amphipathic nature of tryptophan plays an important role
at the 160th position. Although this position is at the interface, it has a
hydrophobic surrounding. The nearby aromatic residues provide addi-
tional stability to this part of the barrel by forming aromatic interactions
(Fig. 8D). The presence of tryptophan only at this position compromises
the barrel thermal stability (Fig. 5).We believe that this phenomenon is
due to water molecules gaining easier access into the barrel-micelle
junctions upon application of heat, when the amphipathic tryptophan
is present. The apparent overall stability of the barrel is increased
when phenylalanine is present at this position (Fig. 9), as it is able to
better adjust itself in the hydrophobic neighborhood.
Overall, it seems that replacement of tryptophan with a phenylala-
nine causes no change or increases the overall stability of hVDAC-2 bar-
rel. However, the Trp-less mutant shows decreased folding efﬁciency
and secondary structure content. Trp→ Phe mutation also introduces
hysteresis in the hVDAC-2 barrel that is otherwise maintained under
thermodynamic equilibrium. Evolution has thus retained tryptophans
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is also structurally malleable. It has also not escaped our notice that our
study has provided the ﬁrst insight into the in vitro hVDAC-2 folding
mechanism. Our experiments show that the C-terminal segments,
namely strands β14 and β10, are likely to fold ﬁrst. This is also support-
ed by the hydrophobic nature of the strands β9–10 and β15–18 (see
Fig. 6), which allows this region of the protein to form strong protein-
lipid association. The nucleation of folding at the C-terminal strands
can then propagate towards the N-terminal strand segments. The slow
folding rate of mutant with only Trp-86 also supports our conjecture.
Mitochondria are subjected to considerable chemical (oxidative)
stress in the cellular environment, owing to its close association with
the metabolic redox machinery [55]. These insults, in turn, can lead to
protein oxidation or alteration in protein behavior that can impact over-
all cellular homeostasis [17]. The formation of a more dynamic VDAC-2
barrel, facilitated by the interface tryptophans is likely to be chosen dur-
ing evolution to help the mitochondrion in maintaining VDAC levels in
the OMM and in rapidly regulating protein turnover.
Funding
This work is supported by the Wellcome Trust/ DBT India Alliance
award number IA/I/14/1/501305 to R.M.
Transparency document
The Transparency document associated with this article can be
found, in online version.
Acknowledgments
We thank Prof. M. K. Mathew, National Centre for Biological Sci-
ences, India, for suggesting the experiments on channel conductance.
We thank Dr. V. Srinivasan, Indian Institute of Science Education and
Research Bhopal, India, for help with the high performance computing
facility. We thank all R.M. lab members for useful discussions. R.M. is a
recipient of the Wellcome/DBT Intermediate Fellowship.
Appendix A. Supplementary data
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamem.2016.09.011.
References
[1] P. Braun, G. von Heijne, The aromatic residues Trp and Phe have different effects on
the positioning of a transmembrane helix in themicrosomal membrane, Biochemis-
try 38 (1999) 9778–9782.
[2] J.A. Killian, G. von Heijne, How proteins adapt to a membrane-water interface,
Trends Biochem. Sci. 25 (2000) 429–434.
[3] M.B. Ulmschneider, M.S.P. Sansom, Amino acid distributions in integral membrane
protein structures, Biochim. Biophys. Acta Biomembr. 1512 (2001) 1–14.
[4] H. Raghuraman, D.A. Kelkar, A. Chattopadhyay, Novel insights into protein structure
and dynamics utilizing the red edge excitation shift approach, in: C.D. Geddes, J.R.
Lakowicz (Eds.), Reviews in Fluorescence 2005, Springer US, Boston, MA 2005,
pp. 199–222.
[5] H. Akashi, T. Gojobori, Metabolic efﬁciency and amino acid composition in the
proteomes of Escherichia coli and Bacillus subtilis, Proc. Natl. Acad. Sci. U. S. A. 99
(2002) 3695–3700.
[6] M. Schiffer, C.H. Chang, F.J. Stevens, The functions of tryptophan residues in
membrane-proteins, Protein Eng. 5 (1992) 213–214.
[7] K.M. Makwana, R. Mahalakshmi, Implications of aromatic-aromatic interactions:
From protein structures to peptide models, Protein Sci. 24 (2015) 1920–1933.
[8] H. Hong, D. Rinehart, L.K. Tamm, Membrane depth-dependent energetic contribu-
tion of the tryptophan side chain to the stability of integral membrane proteins, Bio-
chemistry 52 (2013) 4413–4421.
[9] K.M. Sanchez, J.E. Gable, D.E. Schlamadinger, J.E. Kim, Effects of tryptophanmicroen-
vironment, soluble domain, and vesicle size on the thermodynamics of membrane
protein folding: lessons from the transmembrane protein OmpA, Biochemistry 47
(2008) 12844–12852.[10] S.K. McDonald, K.G. Fleming, Aromatic side chain water-to-lipid transfer free ener-
gies show a depth dependence across the membrane normal, J. Am. Chem. Soc.
138 (2016) 7946–7950.
[11] H.D. Hong, S. Park, R.H.F. Jimenez, D. Rinehart, L.K. Tamm, Role of aromatic side
chains in the folding and thermodynamic stability of integral membrane proteins,
J. Am. Chem. Soc. 129 (2007) 8320–8327.
[12] A. Gupta, P. Zadaﬁya, R. Mahalakshmi, Differential contribution of tryptophans to
the folding and stability of the attachment invasion locus transmembrane beta-
barrel from Yersinia pestis, Sci. Rep. 4 (2014) 6508.
[13] D. Chaturvedi, R. Mahalakshmi, Juxtamembrane tryptophans have distinct roles in
deﬁning the OmpX barrel-micelle boundary and facilitating protein-micelle associ-
ation, FEBS Lett. 588 (2014) 4464–4471.
[14] G.H. Huysmans, S.E. Radford, D.J. Brockwell, S.A. Baldwin, The N-terminal helix is a
post-assembly clamp in the bacterial outer membrane protein PagP, J. Mol. Biol.
373 (2007) 529–540.
[15] J.H. Kleinschmidt, Folding of b-barrel membrane proteins in lipid
bilayers—unassisted and assisted folding and insertion, Biochim. Biophys. Acta
Biomembr. 1848 (2015) 1927–1943.
[16] S.R. Maurya, R. Mahalakshmi, VDAC-2: Mitochondrial outer membrane regulator
masquerading as a channel? FEBS J. 283 (2016) 1831–1836.
[17] V. Shoshan-Barmatz, D. Ben-Hail, L. Admoni, Y. Krelin, S.S. Tripathi, The mitochon-
drial voltage-dependent anion channel 1 in tumor cells, Biochim. Biophys. Acta
Biomembr. 1848 (2015) 2547–2575.
[18] E.H. Cheng, T.V. Sheiko, J.K. Fisher, W.J. Craigen, S.J. Korsmeyer, VDAC2 inhibits BAK
activation and mitochondrial apoptosis, Science 301 (2003) 513–517.
[19] S.R. Maurya, R. Mahalakshmi, N-helix and cysteines inter-regulate humanmitochon-
drial VDAC-2 function and biochemistry, J. Biol. Chem. 290 (2015) 30240–30252.
[20] B. Shanmugavadivu, H.J. Apell, T. Meins, K. Zeth, J.H. Kleinschmidt, Correct folding of
the beta-barrel of the human membrane protein VDAC requires a lipid bilayer,
J. Mol. Biol. 368 (2007) 66–78.
[21] S.R. Maurya, R. Mahalakshmi, Modulation of human mitochondrial voltage-
dependent anion channel 2 (hVDAC-2) structural stability by cysteine-assisted
barrel-lipid Interactions, J. Biol. Chem. 288 (2013) 25584–25592.
[22] A. Gupta, B.R. Iyer, D. Chaturvedi, S.R. Maurya, R. Mahalakshmi, Thermodynamic,
structural and functional properties of membrane protein inclusion bodies are anal-
ogous to puriﬁed counterparts: case study from bacteria and humans, RSC Adv. 5
(2015) 1227–1234.
[23] B.R. Iyer, R. Mahalakshmi, Residue-dependent thermodynamic cost and barrel plas-
ticity balances activity in the PhoPQ-activated enzyme PagP of Salmonella
typhimurium, Biochemistry 54 (2015) 5712–5722.
[24] K.L. Maxwell, D. Wildes, A. Zarrine-Afsar, M.A. de los Rios, A.G. Brown, C.T. Friel, L.
Hedberg, J.C. Horng, D. Bona, E.J. Miller, A. Vallee-Belisle, E.R.G. Main, F. Bemporad,
L.L. Qiu, K. Teilum, N.D. Vu, A.M. Edwards, I. Ruczinski, F.M. Poulsen, B.B.
Kragelund, S.W. Michnick, F. Chiti, Y.W. Bai, S.J. Hagen, L. Serrano, M. Oliveberg,
D.P. Raleigh, P. Wittung-Stafshede, S.E. Radford, S.E. Jackson, T.R. Sosnick, S.
Marqusee, A.R. Davidson, K.W. Plaxco, Protein folding: deﬁning a “standard” set of
experimental conditions and a preliminary kinetic data set of two-state proteins,
Protein Sci. 14 (2005) 602–616.
[25] D.E. Otzen, O. Kristensen, M. Proctor, M. Oliveberg, Structural changes in the transi-
tion state of protein folding: Alternative interpretations of curved chevron plots,
Biochemistry 38 (1999) 6499–6511.
[26] A. Roy, A. Kucukural, Y. Zhang, I-TASSER: a uniﬁed platform for automated protein
structure and function prediction, Nat. Protoc. 5 (2010) 725–738.
[27] M.A. Lomize, A.L. Lomize, I.D. Pogozheva, H.I. Mosberg, OPM: orientations of pro-
teins in membranes database, Bioinformatics 22 (2006) 623–625.
[28] J. Schredelseker, A. Paz, C.J. Lopez, C. Altenbach, C.S. Leung, M.K. Drexler, J.N. Chen,
W.L. Hubbell, J. Abramson, High resolution structure and double electron-electron
resonance of the zebraﬁsh voltage-dependent anion channel 2 reveal an oligomeric
population, J. Biol. Chem. 289 (2014) 12566–12577.
[29] L. Schrodinger, The PyMOL Molecular Graphics System, Version 1.5.0.5, 2010.
[30] S. Jo, T. Kim, V.G. Iyer, W. Im, CHARMM-GUI: a web-based graphical user interface
for CHARMM, J. Comput. Chem. 29 (2008) 1859–1865.
[31] X. Cheng, S. Jo, H.S. Lee, J.B. Klauda, W. Im, CHARMM-GUI micelle builder for pure/
mixed micelle and protein/micelle complex systems, J. Chem. Inf. Model. 53
(2013) 2171–2180.
[32] D. Van Der Spoel, E. Lindahl, B. Hess, G. Groenhof, A.E. Mark, H.J. Berendsen,
GROMACS: fast, ﬂexible, and free, J. Comput. Chem. 26 (2005) 1701–1718.
[33] U. Essmann, L. Perera, M.L. Berkowitz, T. Darden, H. Lee, L.G. Pedersen, A smooth
particle mesh Ewald method, J. Chem. Phys. 103 (1995) 8577–8593.
[34] B. Hess, H. Bekker, H.J.C. Berendsen, J.G.E.M. Fraaije, LINCS: a linear constraint solver
for molecular simulations, J. Comput. Chem. 18 (1997) 1463–1472.
[35] W. Humphrey, A. Dalke, K. Schulten, VMD: visual molecular dynamics, J. Mol. Graph.
14 (1996) 33–38 (27-38).
[36] Z. Gattin, R. Schneider, Y. Laukat, K. Giller, E. Maier, M. Zweckstetter, C. Griesinger, R.
Benz, S. Becker, A. Lange, Solid-state NMR, electrophysiology andmolecular dynam-
ics characterization of human VDAC2, J. Biomol. NMR 61 (2015) 311–320.
[37] E. Blachly-Dyson, E.B. Zambronicz, W.H. Yu, V. Adams, E.R. McCabe, J. Adelman, M.
Colombini, M. Forte, Cloning and functional expression in yeast of two human iso-
forms of the outer mitochondrial membrane channel, the voltage-dependent
anion channel, J. Biol. Chem. 268 (1993) 1835–1841.
[38] M. Zizi, L. Thomas, E. Blachly-Dyson, M. Forte, M. Colombini, Oriented channel inser-
tion reveals the motion of a transmembrane beta strand during voltage gating of
VDAC, J. Membr. Biol. 144 (1995) 121–129.
[39] O. Teijido, R. Ujwal, C.O. Hillerdal, L. Kullman, T.K. Rostovtseva, J. Abramson, Afﬁxing
N-terminal alpha-helix to the wall of the voltage-dependent anion channel does not
prevent its voltage gating, J. Biol. Chem. 287 (2012) 11437–11445.
3004 S.R. Maurya, R. Mahalakshmi / Biochimica et Biophysica Acta 1858 (2016) 2993–3004[40] S.R. Maurya, R. Mahalakshmi, Cysteine residues impact the stability and micelle in-
teraction dynamics of the human mitochondrial beta-barrel anion channel hVDAC-
2, PLoS One 9 (2014), e92183.
[41] M.Y. Liu, M. Colombini, A soluble mitochondrial protein increases the voltage de-
pendence of the mitochondrial channel, VDAC, J. Bioenerg. Biomembr. 24 (1992)
41–46.
[42] J. Thoma, B.M. Burmann, S. Hiller, D.J. Muller, Impact of holdase chaperones Skp and
SurA on the folding of beta-barrel outer-membrane proteins, Nat. Struct. Mol. Biol.
22 (2015) 795–802.
[43] Y. Chen, M.D. Barkley, Toward understanding tryptophan ﬂuorescence in proteins,
Biochemistry 37 (1998) 9976–9982.
[44] C.L. Pocanschi, J.L. Popot, J.H. Kleinschmidt, Folding and stability of outer membrane
protein A (OmpA) from Escherichia coli in an amphipathic polymer, amphipol A8-
35, Eur. Biophys. J. 42 (2013) 103–118.
[45] C. Tanford, Protein denaturation, Adv. Protein Chem. 23 (1968) 121–282.
[46] C. Tanford, Protein denaturation. C. Theoretical models for the mechanism of dena-
turation, Adv. Protein Chem. 24 (1970) 1–95.
[47] W.C. Wimley, S.H. White, Experimentally determined hydrophobicity scale for pro-
teins at membrane interfaces, Nat. Struct. Biol. 3 (1996) 842–848.
[48] J. Kyte, R.F. Doolittle, A simple method for displaying the hydropathic character of a
protein, J. Mol. Biol. 157 (1982) 105–132.[49] G. Zhao, E. London, An amino acid “transmembrane tendency” scale that approaches
the theoretical limit to accuracy for prediction of transmembrane helices: relation-
ship to biological hydrophobicity, Protein Sci. 15 (2006) 1987–2001.
[50] M. Bayrhuber, T. Meins, M. Habeck, S. Becker, K. Giller, S. Villinger, C. Vonrhein, C.
Griesinger, M. Zweckstetter, K. Zeth, Structure of the human voltage-dependent
anion channel, Proc. Natl. Acad. Sci. U. S. A. 105 (2008) 15370–15375.
[51] R. Ujwal, D. Cascio, J.P. Colletier, S. Faham, J. Zhang, L. Toro, P. Ping, J. Abramson, The
crystal structure of mouse VDAC1 at 2.3 A resolution reveals mechanistic insights
into metabolite gating, Proc. Natl. Acad. Sci. U. S. A. 105 (2008) 17742–17747.
[52] S.R. Maurya, R. Mahalakshmi, Inﬂuence of protein–micelle ratios and cysteine resi-
dues on the kinetic stability and unfolding rates of human mitochondrial VDAC-2,
PLoS One 9 (2014), e87701.
[53] S. Naghdi, P. Varnai, G. Hajnoczky, Motifs of VDAC2 required for mitochondrial Bak
import and tBid-induced apoptosis, Proc. Natl. Acad. Sci. U. S. A. 112 (2015)
E5590–E5599.
[54] M. Prasad, J. Kaur, K.J. Pawlak, M. Bose, R.M. Whittal, H.S. Bose, Mitochondria-
associated endoplasmic reticulummembrane (MAM) regulates steroidogenic activ-
ity via steroidogenic acute regulatory protein (StAR)-voltage-dependent anion
channel 2 (VDAC2) interaction, J. Biol. Chem. 290 (2015) 2604–2616.
[55] M. Ott, V. Gogvadze, S. Orrenius, B. Zhivotovsky, Mitochondria, oxidative stress and
cell death, Apoptosis 12 (2007) 913–922.
